This study reports on a marine bacterium that accumulates fatty alcohols (C 14,16,18 ) at more than 1% (w/w) of the dry cell weight. This unique bacterium, designated as strain 1-4, is related to the genus Reinekea. A novel gene cluster for fatty alcohol synthesis, phsAB, is identified from strain 1-4. The phsA product shows significant homology to fatty acyl-CoA reductase (51% identity), whereas the phsB product shows very low homology to lipases. Interestingly, phsA alone causes Escherichia coli to accumulate fatty alcohols at 19% (w/w) of the dry cell weight. Moreover, the phsA-containing E. coli accumulate more fatty alcohols (24%) and grow faster after phsB is introduced, indicating that phsAB could greatly assist the mass production of fatty alcohols.
Fatty alcohol accumulation, although inconspicuous, is often observed in natural organisms. Fatty alcohols can be components of plant cuticles or precursors of wax esters. In bacteria, fatty alcohols are supposed to be produced in a limited number of genera that are able to synthesize wax esters, which are thought to be storage components for carbon and energy [1] .
The alkane backbones of fatty alcohols are derived from the fatty acid synthesis pathway [2, 3] (Fig. 1) . In the first step of this pathway, acetyl-coenzyme A (CoA) is carboxylated to form malonyl-CoA. The malonyl group is then transferred from the CoA to an acyl carrier protein (ACP). The resulting malonyl-ACP acts as the carbon donor for all subsequent carbonchain elongation reactions in the pathway. C 16 and C 18 acyl-ACPs occur frequently as carbon chain saturated acyl-ACPs in bacteria. Acyl-ACPs are then hydrolyzed into fatty acids, which are converted into acyl-CoAs, which in turn act as substrates for acylglycerol synthesis and b-oxidation.
Acyl-ACP/fatty acid/acyl-CoA reductase diverts the commonly occurring fatty acid synthesis metabolism toward fatty alcohol synthesis and appears to be ratelimiting for fatty alcohol synthesis [4, 5] (Fig. 1) . In bacteria, Acr1 from Acinetobacter calcoaceticus [4, 6] and Maqu_2220 [7, 8] and Maqu_2507 [9] from Marinobacter aquaeolei are fatty-alcohol-forming acyl-ACP/ acyl-CoA reductases, whereas CAR from Mycobacterium marinum [10] and acyl-ACP/acyl-CoA reductase from Synechococcus elongatus [11] are fatty-aldehydeforming acyl-ACP/fatty acid/acyl-CoA reductases. The resulting fatty aldehydes can be further reduced also to fatty alcohols by another reductase such as Ahr (YjgB) from Escherichia coli [10] .
Fatty alcohols can be various commercial products, such as cosmetic additives, pharmaceuticals and fuels. Recent discoveries of genes encoding the above described reductases have paved the way towards lowcost and renewable production of fatty alcohols from renewable feedstocks via genetically engineered microbes [4] . However, the productivity is limited by the low accumulation of fatty alcohols in the cells. The maximum amount of fatty alcohols that have been accumulated in engineered microbes is at most 10% of the dry cell weight of E. coli for C [11] [12] [13] [14] [15] [16] fatty alcohols (mainly C 13,14 alcohols) [4, 12] , and up to 17% of the dry cell weight of E. coli for C 14, 16, 18 fatty alcohols (mainly C 16 alcohols) [13] . These amounts have been achieved not only by expressing the introduced reductase, but also by increasing the rate-limiting enzyme's expression in the fatty acid synthesis pathway. The aim of this present study was to obtain a novel gene(s) causing high accumulation of fatty alcohols in the cells. Resource Center, Japan), respectively. E. coli DH5a was obtained from Toyobo and was used as a host strain for DNA manipulation and heterologous gene expression.
Materials and methods

Strains
Media
The culture media used in this study were as follows: 1/10-strength R2A medium (dR1 medium) [14] , R2A medium (composition at a 109 higher concentration than that of the dR1 medium in surface seawater), dR medium [composition same as that of the dR1 medium, except deep seawater, at the coastal area of Muroto (33°18 0 N, 134°14 0 E; depth of 320 m), was used instead of surface seawater], dR2A-SW plate [14] , marine broth 2216 (MB; BD), 1/10-strength MB (dMB; described below) and M9 medium (described below). The dMB contained 3.74 g MB, 0.1 l distilled water and 0.9 l surface seawater. M9 medium was M9 minimal medium [15] containing MgSO 4 at 1 mM instead of 2 mM and supplemented with 0.001% (w/v) thiamine HCl and 0.2% (w/v) sodium pyruvate as a sole carbon source. The dR medium was filtered through a 0.22-lm pore size membrane (Express Ò PLUS, Merck, Darmstadt, Germany) and autoclaved at 110°C for 2 s. When required, the media were supplemented with 1 mM IPTG and 100 lgÁmL À1 ampicillin.
Electron microscopy
For transmission electron microscopy (JEM-1200EX; JEOL, Tokyo, Japan), strain 1-4 was grown in dR medium at room temperature until its growth was observed by turbidity. 
Analysis of 16S rRNA genes
The almost full-length 16S rRNA gene sequence of strain 1-4 was obtained as described previously [16] . The strain 1-4 sequence was aligned with related sequences of members of the class Gammaproteobacteia available in public databases using CLUSTAL X (ver. 2.1) [17] . The alignments were manually modified where necessary, and trimming of gaps was performed. Phylogenetic trees were inferred from the aligned 1254-bp sequences using the neighbor-joining algorithm [18] in CLUSTAL X with default parameters (including Kimura's correction) and the maximum likelihood algorithm [19] in MEGA 6.06 [20] , and analyzed using bootstrapping [21] based on 1000 resamplings. with shaking at 28°C up to full growth. E. coli cells were grown in M9 medium supplemented with IPTG and ampicillin with shaking at 28°C up to full growth.
Production of fatty alcohols and GC-MS analysis
Aliphatic compounds were extracted with 300-400 lL n-heptane from approximately 300 lL concentrated cell suspensions of strain 1-4 or Reinekea strains or from 400-620 lL E. coli cultures. Extraction was repeated twice with 300-400 lL n-heptane. The n-heptane extracts were obtained after heating at 60°C for 10 min, vortexing for 1 min and centrifuging at 30-40°C for 5 min. Samples that showed a thick intermediate layer after centrifugation were centrifuged again after the samples were frozen. The extracts were dehydrated using sodium sulfate, concentrated via N 2 purging and analyzed using GC-MS as described previously [22] unless stated otherwise. All the samples (1 lL) were analyzed in splitless injection mode.
Fatty alcohols were identified with NIST/EPA/NIH mass spectral database (ver. 2.1) and authentic fatty alcohols (1-tetradecanol, 1-hexadecanol and 1-octadecanol) by the fragmentation patterns and retention times. The amounts were calculated from the corresponding peak area divided by the peak area of the authentic standards: C 14 alcohols (1-tetradecanol and 1-tetradecenol) were compared to the authentic 1-tetradecanol; C 16 alcohols were compared to the authentic 1-hexadecanol; and C 18 alcohols were compared to the authentic 1-octadecanol.
Genome sequencing and plasmid construction
Total DNA was extracted from strain 1-4 as described previously [23] , unless stated otherwise. Strain 1-4 cells were grown in 2 l dR medium. The cells were not incubated with TES buffer and suspended in 1 ml solution I. Proteinase K was used instead of Pronase E. After the first round of phenol-chloroform extraction, 500 lL TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) was added to the extract. Using the total DNA, genome sequencing on a HiSeq 2500 System (Illumina, San Diego, CA, USA) and assembly of the obtained sequences were conducted by Takara Bio, Inc (Shiga, Japan). As a result, 269 contigs constituting 5.5 Mb were obtained.
Plasmid constructions are detailed in Table 1 . A 5.9-kb DNA fragment containing phsAB from the total DNA of strain 1-4 was PCR-amplified using KOD -Plus-Neo (Toyobo). Standard recombinant DNA techniques were performed as described by Sambrook et al. [15] .
Other methods
Motility was determined by bright field microscopy (milkin; Aqua system, Gunma, Japan). To determine the dry cell weight, cells were collected by centrifugation or filtration through the 0.22-lm pore size membrane, and dried by heating at 55°C or by an evaporator. Growth temperature was tested at 4, 10, 15, 20, 25, 30 and 35°C on dMB containing 1.5% (w/v) agar for 3 weeks. Degradation of casein, starch and chitin was tested as described previously [24] . Agar degradation and resistance to antibiotics were tested on dR2A-SW plates.
Deposition of strain 1-4
Strain 1-4 was deposited in NPMD (NITE Patent Microorganisms Depositary, Japan) under accession number NITE P-02620.
Nucleotide sequence accession numbers
The nucleotide sequences of the 5.9-kb region and the 16S rRNA gene fragment of strain 1-4 have been deposited in the DDBJ/EMBL/GenBank database under accession numbers LC373539 and LC373540, respectively.
Results and Discussion
Isolation of strain 1-4 accumulating conspicuous amounts of fatty alcohols Bacteria were isolated from surface seawater at Muroto by direct plating on various agar plates based on seawater (data not shown). The isolates accumulating conspicuous amounts of aliphatic compounds were screened on the same plate with 0.5 lgÁmL À1 Nile red [25, 26] , and the compounds were then analyzed by GC-MS (data not shown). One isolate was observed to accumulate fatty alcohols, with 1-hexadecanol detected as the main alcohol, without obviously accumulating wax esters (Fig. 2) . This isolate was designated as strain 1-4. Strain 1-4 grew better in dMB and dR1 media than in MB and R2A media. This strain produced fatty alcohols in dR1 medium and not in dMB (data not shown), indicating that the fatty alcohol synthesis gene (s) was expressed in relatively low nutrient environments. Strain 1-4 appeared to accumulate fatty alcohols at higher levels in the cell in dR medium (deep-seawater base) than in dR1 medium (surface-seawater base) (data not shown). As deep seawater generally contains more nitrogen and phosphorus and less organic carbon than surface seawater, these concentrations could be important for higher fatty alcohol accumulation. When grown in dR medium, strain 1-4 accumulated C 14, 16, 18 fatty alcohols at 0.9 AE 0.2% (w/ w) of the dry cell weight (mean AE standard error from three independent cultures). This is the highest observed accumulation of fatty alcohols in natural cells. In an Acinetobacter bacterium, fatty alcohols have been detected at <0.001% (w/w) of the dry cell weight when grown in a nutrient-rich broth and at 0.06% (w/w) in a precursor (hexadecane) containing mineral medium [27] .
Characterization and taxonomy of strain 1-4
Strain 1-4 cells were rods (0.3-1.1 9 0.3-8.2 lm) with one polar flagellum (Fig. S1 ) and motile. They grew at 10-30°C (optimally at 20-30°C) and not at 4 and 35°C. They did not grow in dR1 medium devoid of seawater. Strain 1-4 was resistant to 12 lgÁmL À1 tetracycline and 50 lgÁmL À1 gentamicin, but not to 20 lgÁmL À1 chloramphenicol and 100 lgÁmL À1 kanamycin. Strain 1-4 degraded casein, starch and agar, but not chitin. Among the type strains, strain 1-4 was most similar in the almost full-length 16S rRNA gene sequence to members of the genus Reinekea, with 95.3% similarity to the type strain of the type species of this genus (Reinekea marinisedimentorum DSM 15388 T ), suggesting that strain 1-4 could belong to the genus Reinekea [28] . Consistently, the phylogenetic tree based on 16S rRNA gene sequences showed that strain 1-4 clustered with members of the genus Reinekea and fell within the order Oceanospirillales (Fig. 3) . Although Reinekea blandensis and Reinekea aestuarii strains were phylogenetically closest to strain 1-4 ( Fig. 3) , fatty alcohols were not detected from the type strains (data not shown). These results imply that strain 1-4 could be a unique bacterium that is capable of accumulating conspicuous amounts of fatty alcohols.
Detection of the potential fatty alcohol synthesis gene cluster, phsAB
Genome sequence analysis of strain 1-4 identified a gene, designated phsA (Fig. 4) , whose deduced product showed significant homology to fatty-alcohol-forming fatty acyl-CoA reductase: 51% amino acid identity to Maqu_2507 product (accession no. CP000514) [9] and 46% identity to Acr1 (accession no. AAC45217) [4, 6] . The phsA was most homologous with an ORF from the R. blandensis type strain (accession no. WP_ 040556781) (71% identity in the deduced product).
The phsA appeared to be in an operon with a downstream gene, designated phsB (Fig. 4) . The phsB product showed no significant homology to any known protein; however, it demonstrated very low homology with lipases, such as a lipase from Aeromonas hydrophila [29] with an ORF from the R. blandensis type strain (WP_ 040556687, EAR08563) (41% identity in the deduced product). The phsAB-homologous ORFs in R. blandensis are organized in a similar operon structure as phsAB ORFs in strain 1-4.
Identification of phsAB as the fatty alcohol synthesis gene cluster E. coli does not possess acyl-ACP/fatty acid/acyl-CoA reductase and thus does not produce fatty aldehydes and fatty alcohols. When phsA (pBS29SNX) was introduced into E. coli, it accumulated C 14,16,18 fatty alcohols but not fatty aldehydes (Fig. 5 ). E. coli carrying the control vector pBluescript II KS(-) accumulated neither fatty alcohols nor fatty aldehydes (Fig. 5) . On the other hand, E. coli carrying a fattyaldehyde-forming acyl-ACP/acyl-CoA reductase gene accumulates fatty aldehydes [11] . Together with the sequence homology, these results indicate that phsA encodes fatty-alcohol-forming fatty acyl-CoA reductase. However, although the R. blandensis type strain harbors a phsA homolog, it did not produce fatty alcohols in this study. This suggests either that the phsA homolog was not expressed or that the product was inactive.
In the E. coli carrying phsA alone (pBS29SNX), fatty alcohols accumulated at 19 AE 2% (w/w) of the dry cell weight (Fig. 6 ). So far, this is the highest amount of fatty alcohols ever to accumulate in cells. Furthermore, this was achieved exclusively by expressing acyl-ACP/fatty acid/acyl-CoA reductase. Based on the optical density value or the growth condition reported, the maximum amount of fatty alcohols accumulated in engineered microbes can be calculated up to 17% (w/w) of the dry cell weight: this 17% can be calculated in E. coli, where acyl-ACP thioesterase is overexpressed together with the reductase expression ( Fig. 1) [13] . The overexpression of acyl-ACP thioesterase has increased fatty alcohol accumulation [12, 13, 30, 31] .
E. coli carrying phsAB (pBS29SN) accumulated higher amounts of fatty alcohols, at 24 AE 3% (w/w) of the dry cell weight, when compared to E. coli carrying phsA (pBS29SNX) (Fig. 6) . Moreover, E. coli carrying phsAB (pBS29SN) grew faster than E. coli carrying phsA (pBS29SNX) (data not shown). These results show that the novel gene cluster phsAB is advantageous for mass production of fatty alcohols. Furthermore, the 24% could be further increased by overexpressing the acyl-ACP thioesterase. The higher accumulation and faster growth with phsB are Retention time (min) Fig. 5 . GC-MS profile (total ion chromatogram) of the fatty alcohols accumulated in E. coli DH5a. E. coli containing a specific plasmid (shown in parentheses) was grown in M9 medium supplemented with IPTG and ampicillin up to full growth. Genes in these plasmids are also shown. The culture volumes used for this analysis were adjusted according to the value of OD 600 . E. coli carrying pBS29SNh (orf2, phsA and phsB) showed a similar profile as E. coli carrying pBS29. 6 . Effect of phsB on the amount of fatty alcohols accumulated in E. coli DH5a carrying phsA. E. coli containing pBS29SN (phsAB) or pBS29SNX (phsA) was grown in M9 medium supplemented with IPTG and ampicillin up to full growth. E. coli containing pBS29SN was grown for 5-7 days (up to OD 600 = 0.42-0.54), while E. coli containing pBS29SNX was grown for 6-9 days (up to OD 600 = 0.44-0.57). Each value is the mean AE standard error from four independent cultures. consistent with the potential function of the phsB product as a lipase, which would increase the supply of acyl-CoA by catalysing the hydrolysis of acylglycerol to glycerol and fatty acids that could then be converted to acyl-CoA, which in turn would act as the substrate for the reductase (phsA product) and as a carbon and energy source via b-oxidation (Fig. 1) . The amount of fatty acids, reaction products of lipases, appeared to remain unchanged in E. coli with and without phsB (introduced via pBS29SNC and pBluescript II KS(-), respectively) by TLC (data not shown). This result may suggest that conversion of fatty acids to acyl-CoA was not rate limiting for acyl-CoA synthesis.
The orf2 of unknown function, which was upstream of phsAB (Fig. 4) , was observed to decrease the amount of fatty alcohols accumulated in E. coli carrying phsAB (pBS29SNh vs pBS29SN; data not shown, but refer to Fig. 5 ). This implies that the orf2 product could have acted as a transcriptional repressor for phsAB. To test this possibility, expression of orf2 in trans is required. Further inclusion of the upstream region, orf1 of unknown function (Fig. 4) , did not change the fatty alcohol accumulation amount any further (pBS29 vs. pBS29SNh; data not shown, but refer to Fig. 5 ).
Applied and ecological perspectives
The phsAB may also contribute to mass production of alkanes, major constituents of crude oil. It is because phsAB may also supply a large amount of fatty aldehydes, precursors of alkanes, which should be formed as intermediates in phsA product reaction.
Accumulation of fatty alcohols occurred in low nutrient environments in strain 1-4. In these circumstances, fatty alcohols are speculated to allow the bacterium to move up to surface environments that contain more organic carbon by decreasing its buoyant density and also to act as storage components for carbon and energy for its survival. Interestingly, strain 1-4 might have shed some light on a novel survival strategy using fatty alcohols in marine environments.
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